Abstract. This study examined the performance of a low-cost ceramic candle filter system (CCFS) for point of use (POU) drinking water treatment in the village of Hobeni, Eastern Cape Province, South Africa. CCFSs were distributed in Hobeni and a survey was carried out among their users. The performance of 51 CCFSs was evaluated by dip slides and related to human factors. Already after two-thirds of their specified lifetime, none of the distributed CCFSs produced water without distinct contamination, and more than one-third even deteriorated in hygienic water quality. Besides the water source (springs were preferable compared to river or rain water), a high water throughput was the dominant reason for poor CCFS performance. A stepwise laboratory test documented the negative effects of repeated loading and ambient field temperatures. These findings suggest that not every CCFS type per se guarantees improved drinking water security and that the efficiency of lowcost systems should continuously be monitored. For this purpose, dip slides were found to be a cost-efficient alternative to standard laboratory tests. They consistently underestimated microbial counts but can be used by laypersons and hence by the users themselves to assess critical contamination of their filter systems.
Introduction
Within the last 25 years, 2.6 billion people have gained access to improved drinking water, while 663 million are still threatened by unsafe water from surface sources, unprotected springs or wells (WHO, 2015) . Nearly half of the people without access to improved drinking water live in SubSaharan Africa and most of them in rural areas. In South Africa, for example, only 78 % of the rural population had access to improved drinking water sources compared to 99 % in urban areas, and over 3000 deaths due to unsafe water were estimated in 2012 (WHO, 2014) .
In rural areas, decentralized water treatment systems provide opportunities to improve water security. Their efficiency against bacterial, viral and protozoan pathogens has widely been documented (e.g. Sobsey et al., 2008; Peter-Varbanets et al., 2009) . Methods include application of heat or UV (boiling, solar radiation, UV lamps), chemical disinfection (e.g. by chlorine or silver), and physical removal by reverse osmosis or filtration (using activated carbon, granular media, membranes, ceramic cups or fibres). Advanced physical methods (like reverse osmosis or ultrafiltration) are safest and most efficient but largely limited to industrialized countries due to high investment costs. The first projects in developing nations installed them as small-scale systems supplying purified drinking water to entire villages or small communities. Modern stations can run on solar power and contain storage tanks for periods of unfavourable sunlight conditions (Sima and Elimelech, 2013; Elasaad et al., 2015) . However, the treated water must still be transported and stored in households after treatment, which leads to a risk of recontamination (Gundry et al., 2006) . Hence, point of use (POU) household water treatment may also contribute to water security in these cases. Among various methods, ceramic (CWF) and biosand (BSF) household water filters were identified as most effective (Brown, 2007; Sobsey et al., 2008) . Murphy et al. (2010) monitored the microbiological and chemical qual-ity of treated water from BSF and CWF in rural Cambodia. During a 6-month period both technologies improved water quality for various parameters but failed to consistently meet the WHO drinking water guidelines for nitrite and for E. coli. BSF can be improved by using iron oxide coated sand (Ahammed and Davra, 2011) or by adding a layer of bark biomass (Ali Baig et al., 2011) . Also, continuous operation resulted in better BSF performance (Young-Rojanschi and Madramootoo, 2014) . Other studies concentrated on costefficient POU water treatment techniques. BSF with plastic housing was found to be as efficient as its concrete counterparts (Fabiszewski de Aceituno et al., 2012) and various researchers reported the success of locally produced, low-cost CWF Simonis and Basson, 2011; Mwabi et al., 2013) . Recent reviews of reduction of diarrhoea by different POU interventions found filtration techniques superior to solar or chemical water disinfection (Wolf et al., 2014; Clasen et al., 2015) . However, comparisons were blurred by a high risk of bias, since the data relied on self-reported diarrhoea and placebo POU interventions were missing. For rural South Africa, low-cost ceramic water filters have been advocated for POU water treatment (Du Preez et al., 2008; Mwabi et al., 2013), and Du Preez et al. (2008) reported on their high acceptability. The need for improved drinking water supply in South Africa was recently manifested for two communities in the Municipality of Mutale (Rananga and Gumbo, 2015) : 95 % of the households were willing to pay for reliable drinking water supply; those with tertiary level education would afford ZAR 150 per month. However, Mellor et al. (2014) questioned the long-term efficiency of ceramic water filters under field conditions. Then human factors are crucial for POU water treatment, since regular maintenance and adequate cleaning are preconditions for microbial efficiency. As a consequence, a specific filter type that proved efficient in the laboratory might totally fail when distributed to rural communities and actually used under field conditions. This is particularly true for low-cost systems.
To prevent the failure of well-intentioned development projects, the efficiency of water filters should therefore continuously be monitored. Dip slides are a suitable way to comply with the need to frequently monitor aseptic conditions or treatment success of disinfection systems. Examples include the hygienic control of endoscopes in hospitals (Gerstenberger, 2008) or of cooling lubricants during processing of metals in mechanical engineering (Barth, 2003) . Joyce et al. (1996) used dip slides under field conditions in Kenya to study the efficiency of water disinfection by solar heating, but did not document their reliability. Later, Sandhya et al. (1999) introduced dip slides as a robust, quick and costeffective method to qualitatively evaluate E. coli contamination down to concentrations of 10 2 coliform units (CFU) L −1 in water. Dip slides showed similar precision to swapping or contact agar plates during detection of contamination on artificially soiled stainless-steel surfaces (Salo et al., 2000) . For drinking water, dip slides had considerably less accuracy than membrane filter methods but were recommended for the detection of massive contamination of drinking water sources (Vanderzwaag et al., 2009) . Dip slides are much cheaper than standard laboratory tests and can also be used by unskilled personnel.
This study combined laboratory and field investigations to examine the efficiency of a widely used low-cost ceramic candle filter system (CCFS) for POU water treatment. The microbiological efficiency of the CCFS was examined by a stepwise laboratory test. In addition, CCFSs were distributed within a remote, rural area in South Africa and a survey was carried out among their users. Subsequently, CCFS performance was evaluated by dip slides after 8 months' use and related to human factors.
Study area
The study area is located in the village of Hobeni, Mbhashe municipality, which is situated in the south-eastern part of the Eastern Cape Province, South Africa (Fig. 1) . Climate is temperate with 18.3 • C mean temperature and annual rainfall of 1041 mm. Mbhashe municipality is considered a remote, rural area with difficult conditions regarding water supply (Momba et al., 2006) . About 50 % of its inhabitants use untreated surface water from unprotected rivers or springs as their main drinking water source, 16 % harvest rain water. During the study period, only one household of Hobeni village had access to treated water from communal water taps; none had its own groundwater well.
Methodology

The ceramic candle filter system (CCFS)
We selected a widely used, low-cost (ZAR 599) two-bucket CCFS for our laboratory and field tests. It is commercially distributed under the brand name DrinC by Headstream Pure Water, Johannesburg, South Africa. It consists of the candle filter unit, wedged between two 20 L plastic buckets (Fig. 2) . A tap is inserted at the base of the bottom bucket, which technically represents a safe storage container for drinking water according to local standards (CAWST, 2011). The ceramic filter candles consist of a 0.2 µm silver-impregnated ceramic shell containing an activated charcoal interior medium. Lv et al. (2009) showed that silver nanoparticle-porous ceramic composites show efficient antibacterial effects without a measurable loss of nanoparticles. However, incorporated into water filters, Bielefeld et al. (2009) documented a significant wash-out of silver with decreasing filter efficiency. This process has to be taken into account for this type of water filter and per se causes a limited lifetime. Silver nanoparticles are widely used in various biomedical applications, although it is difficult to draw definite conclusions about their human and environmental toxicity (Wei et al., 2015) . The filter candles of the studied CCFS have a diameter of 0.1 m and an unlimited shelf life (JustWater, 2016) . Once in use, the candles have to be replaced once a year (DrinC, 2016) . Raw water is filled into the top bucket of the CCFS. Water drips through the candle filter unit into the bottom bucket, where clean water can be drained through the tap. According to the manufacturer, CCFSs remove > 99.9 % of harmful bacteria (100 % of E. coli), > 98 % of particles larger than 0.2 µm, > 96 % of metals like Fe, Al, and Pb, and > 80 % of various organic pollutants. Users are advised to clean the filter every time the water flow becomes too slow. Then the bottom bucket should be cleaned by a bleach solution and the filter candle by a non-metal scrubbing pad. The main parts of the CCFS can be produced locally; only the filtering candles are imported from Europe or North America. In general, CCFSs have flow rates of approximately 1 L h −1 , depending on the batch volume (CAWST, 2011). The specific CCFS tested in this study can reach rates of up to 4 L h −1 (Mwabi et al., 2013) , making up approximately 40 L d −1 . This volume can be regarded as adequate for an average household of six family members in Hobeni if a 3-4 L need for clean drinking water per person and day is assumed (Sawka et al., 2005) .
Dip slides
Nutrient TTC-MacConkey (NUT/MAC) dip slides (Precision Laboratories, 2016) were used to study the performance of the CCFS under field conditions. They consist of a plastic paddle with different agar media on each side, covered by a plastic vial. Nutrient-TTC Agar supports the growth of a wide range of bacteria, while MacConkey Agar iden- tifies lactose-fermenting coliforms. For testing, the paddle is removed from the vial, dipped into the water for 15 to 20 s, incubated for 24 h at 36 ± 4 • C, and evaluated against colour charts provided by the manufacturer. Minimum precision is 10 4 CFU L −1 . An application software for mobile devices (BioPaddlesLite © ) has recently been published to evaluate dip slide readings with the help of standard images. The BioPaddlesLite © software had not been available to be used in the present study.
Stepwise laboratory performance tests
Laboratory performance of the CCFS was evaluated in the hydrology laboratory of the University of Freiburg, which is accredited for microbiological drinking water analysis according to German DIN EN ISO standards. In these standards, E. coli bacteria are regarded as efficient indicators of faecal pollution (Paruch and Maehlum, 2012) . For CCFS performance tests they were used in reference solutions at concentrations of approximately from 10 13 to 10 16 CFU L −1 . The top buckets of four CCFSs were filled with 20 L of tap water and spiked with 5 mL of reference solution. Background contamination was excluded by blank samples taken from the taps and the buckets. The initial bacterial concentration in the top buckets was evaluated by 100 mL samples taken by a sterile, graduated pipette. Testing started at ambient temperatures of 21 • C. The first laboratory protocol included a low filling scenario: the top bucket of the CCFS was filled once, and allowed to run for 48 h with 100 mL of filtrate collected from the bottom bucket after 7, 24, and 48 h. During this 48 h period the top bucket was not filled up again. This was followed by a second laboratory protocol, which included a high filling scenario: during 3 days the top bucket was filled every day and 100 mL filtrate was sampled 7 h after each filling. Afterwards, the CCFSs were placed inside a laboratory incubator at 27 • C to simulate field conditions and both high and low filling scenarios were conducted following the above protocols. Between all filling scenarios the CCFS buckets were rinsed with tap water and cleaned with a medical surface disinfectant. The collected samples were analysed by the membrane filter method according to German DIN EN ISO 9308 drinking water standards. In parallel, NUT/MAC dip slides were used.
CCFS distribution and field survey
In June 2014 a community meeting was hold in Hobeni, where the CCFS was described in detail and distributed among 150 rural households that showed interest. In January/February 2015, 91 households were visited during a 3-week period. The demographics of each household (number of adults/children living in the household, education of household members), the general acceptance of the CCFS (positive, negative) and aspects of maintenance and use (filling frequency, cleaning, water sources) were evaluated by a questionnaire. At 51 of the visited households water from the CCFS was able to be tested. The remaining 40 units did not contain enough water for the testing procedure and only the survey was conducted. CCFS performance was evaluated by comparing bacterial contamination of the top and bottom buckets by the NUT/MAC dip slides. In the top buckets the paddle was removed from the vial and dipped into the water for a contact time of 15 to 20 s with gentle stirring. The bottom buckets were tested by directly filling filtrated water from the CCFS tap into the dip slide vials that were subsequently tested by the paddles for 15 to 20 s. After the tests, vials were emptied, and paddles and vials of all dip slides were closely linked, placed in a thermos bag and incubated after no more than 7 h at 36 ± 4 • C. For the incubation we used a cost-effective, portable, ventilated animal egg incubator with low energy consumption (220V-240V, < 60 W, ZJchao). The dip slides detected aerobic coliform bacteria as dots of a red-coloured dye. Ambient air temperature as well as temperature and electrical conductivity inside the CCFS buckets were measured by a PCE-PHD 1 portable conductivity meter (PCE Instruments).
Results
Laboratory performance tests
The first low filling scenario at 21 • C ambient temperature resulted in 100 % removal of the bacteria as detected by the membrane filter method (Fig. 3) . Not a single coliform unit could be detected in the filtrate after 7, 24 and 48 h. Also, the high filling scenario suggested satisfactory CCFS performance, although single coliform units were detected in the filtrate. However, during later tests at ambient temperature, typical for field conditions, no filtrate was free of coliform units and maximum values reached 5 × 10 3 CFU L −1 . Although removal rates were still above 99.99 %, these findings suggest that both the repeated loading and the higher ambient temperature affected CCFS performance. As a conse- quence, the CCFS did not produce water that complied with international standards for drinking water (WHO, 2011). We fitted regressions to our data using the Generalized Linear Model with significance level p < 0.05 for hypothesis testing. Those revealed no significant difference in different loading concentrations. The filling scenarios were influenced by repeated loading that had a significant influence on CCFS performance. Both the membrane method and the NUT/MAC dip slides attested to the microbial purity of the drinking water. Due to their limited precision, the dip slides detected contamination only in one out of four bottom buckets during the final filling scenario (Fig. 4) . In the top buckets, the accredited membrane method yielded coliform counts (2.8 × 10 9 − 1.7 × 10 11 CFU L −1 ) that were underestimated by the dip slides (3.8-6.0 × 10 6 CFU L −1 ). Although there was no clear linear relationship between the two methods, we did not obtain false positive dip slide readings.
Field survey
Hobeni is a small rural community with low average income. None of the 91 households that were visited had access to piped water in their own dwelling and only 26 % to toilet facilities. The remaining 74 % of the households were pracDrink. Water Eng. Sci., 9, 47-55, 2016
www.drink-water-eng-sci.net/9/47/2016/ ticing open defecation, which must be considered a serious threat to hygienic drinking water quality. This was one of the reasons why CCFSs were distributed in Hobeni. On average, households consisted of six people and used water from different sources to fill the CCFSs (Fig. 5) . The acceptance of the CCFSs was generally high. Approximately 8 months after distribution, 69 % (63 units) of the CCFSs were still in regular use, 20 % (18 units) were broken and 5.5 % (5 units) of the households refused to use the filters for different reasons. In 5.5 % of the households (five units) the CCFSs were used only temporarily. The majority of the households (60 %) liked the clean water after the filtering procedure. Only 4.4 % of the households complained about the intensive maintenance of the CCFS, 3.3 % about the long distances to the water sources and only 1.1 % about a slow filtering time. The majority (84 %) reported no incidents of digestive afflictions, including diarrhoea, in the family during the last 5 years. This was supported by an official statement by the Hobeni Clinic, although morbidity rates depend on self-reporting from the household members, which is known to produce substantial bias (Wolf et al., 2014; Clasen et al., 2015) . Also, the microbiological water quality of 51 tested CCFSs showed contrasting results: none of the filtrate samples was free of coliform bacteria and 35 % even showed a deterioration in water quality (Fig. 6) . To evaluate the reasons for the CCFS failure in Hobeni, the CCFS efficiency was evaluated as a percentage of remaining coliform units in the filtrate and plotted against various household characteristics evaluated in the questionnaire survey. We excluded one outlier that showed a massive deterioration (> 1400 %; Fig. 6 ). All regressions showed a large scatter and r 2 values were below 0.1, which precluded quantitative statistical analysis (Fig. 7) . Nonetheless, the direction of the influence could visually be determined. Similar to the laboratory performance test, the ambient temperature showed an influence on CCFS efficiency. This was more prominent for water temperature inside the system than for ambient air. Only when the water temperature exceeded 21 • C did some of the CCFSs deteriorate water quality. A second factor was the in- tensity of CCFS use. This was evident from the filling frequency and from the numbers of people living in the households. Here the number of children had stronger effects on CCFS efficiency than the number of adults. More frequent cleaning could obviously not compensate for frequent CCFS use. A third factor was the water source: spring water apparently had higher quality. This could be traced by electrical conductivity, since values measured in CCFS only containing spring water (0.27 ± 0.13 mS cm −1 ) were approximately double in those that were also filled by rain and river water (0.13 ± 0.14 mS cm −1 ). While indoor keeping of animals showed a weak influence, our data did not suggest a positive effect of the educational level of CCFS users. Also, recommended bleaching did not improve CCFS performance.
Discussion
The dip slide testing method was chosen for field testing because of the lack of access to a laboratory in the remote study area. The commercial product we used was only sensitive to concentrations down to 10 4 CFU L −1 and therefore not recommended for drinking water. On the one hand, this was corroborated by our laboratory test, where low CFU counts could not be detected. A consistent underestimation of dip slides is known (e.g. Kinneberg and Lindberg, 2002) , which limits the quantitative evaluation of dip slide readings and also produced a large scatter in our data (Fig. 7) . On the other hand, we did not obtain any false positive dip slide reading in our laboratory test. This makes NUT/MAC dip slides a valid compromise to assess the efficiency of drinking water treatment in our remote study area. We consider them appropriate to determine critical microbial presence in drinking water at minimal cost. They can directly be used in the households and in principle also directly by the CCFS users. New developments in free evaluation software for mobile devices will even increase their acceptance and reproducibility in future.
Since only regular and repetitive monitoring guarantees the success of POU water treatment, we recommend that treatment systems should be accompanied by cost-efficient mon- itoring techniques where dip slides may be seen as a promising possibility. Our 4-week laboratory tests (Fig. 3) suggested high removal efficiencies of the four investigated CCFSs that were in agreement with those found by Mwabi et al. (2013) . However, since we used high loading, a removal rate of more than 99.9999 % still resulted in up to 5 × 10 3 CFU L −1 in the filtrate. From a total of 45 filtrate samples only 16 (36 %) were free of bacteria, as required by international standards for drinking water (WHO, 2011) . And those were collected during the first 8 days of our test. During later tests at an ambient temperature typical for field conditions, we observed considerably higher contamination of the filtrate. This means that our stepwise laboratory test actually reproduced both the impact of higher ambient temperatures and the gradual deterioration of CCFS performance. Bacteria are removed by CCFSs mainly by physical retention inside the filter candle. Thereby, the silver impregnation of the ceramic shell supports the bacterial removal by antibacterial effects (Brady et al., 2003) . However, it is known that silver can be washed out and that repeated loading of a CCFS will sooner or later cause lower removal efficiencies or even a bacterial colonization inside the filter candles (Bielefeldt et al., 2009) .
With this in mind, the overall failure of the CCFS during the 8-month field test in Hobeni was no longer a surprise. Besides the water source (springs were preferable compared to river or rain water), our field data suggested that aging was the dominant reason for poor CCFS performance. Especially in households with many children and frequent filling of the CCFS, low bacterial removal rates were observed. More frequent cleaning even showed an opposite effect and apparently increased bacterial contamination of the filtrate. This indicates that the source of contamination is not only in the top or bottom buckets, but also inside the filter candle. We did not find clear evidence of effects of poor maintenance as noticed elsewhere (e.g. Brown, 2007; Mellor et al., 2014) . This suggests that in Hobeni more intense teaching of CCFS use will probably not significantly improve the situation. We are aware that in addition to the qualitative nature of the dip slide readings, the uneven distribution of explaining factors limited the explanatory strength of our data. For example, the majority of households filled and cleaned the CCFS once a day and water temperatures mainly clustered in a range between 22 and 25 • C (Fig. 7) . Nevertheless, the documented effects of water source and temperature are logical and may thus be taken as a proof of the validity of our approach.
On the whole, our data suggest that the field performance of the investigated CCFS was not satisfactory. Although the duration of the test (8 months) was well below the specified lifetime of the CCFS candles (12 months), not a single dip slide indicated filtrate that was free of coliforms. Owing to the limited sensitivity of the dip slide method, this suggests massive contamination (> 10 4 CFU L −1 ) of all filtrate samples. On top of that, more than one-third of the CCFS caused deterioration of hygienic water quality. These findings contradict other field tests (e.g. Brown, 2007) and may thus be limited to the specific filter type we tested. However, our data suggest that not every CCFS is per se efficient and that each filter type needs a thorough check when distributed in the field.
Conclusions
This study shows that the performance of a specific, low-cost two-bucket ceramic candle filter system (CCFS) was not satisfactory for home-based water treatment in a remote rural community of southern Africa. A stepwise laboratory test documented the combined effect of repeated loading and ambient field temperatures. In the field, the distributed CCFS already failed after 8 months of use, representing only twothirds of its specified lifetime. Although users were taught how to handle and maintain the systems and the general acceptance was high, none of the distributed CCFSs produced water without distinct contamination. Besides the water source (springs were preferable compared to river or rain water) our data suggest that a high water throughput was the dominant reason for a poor CCFS performance. The fact that more than one-third of the investigated systems even deteriorated in water quality should be regarded as an alarming sign that systems used for household water cleaning should critically be tested. Our stepwise performance test (repeated loading first at low and then at typical field temperatures) is one possibility. If systems show a significant performance loss already during such tests, a satisfactory field performance should not be expected. But also in the field, the efficiency of any installed CCFS should continuously be monitored. Since the access to adequate laboratory facilities is usually restricted, dip slides may be regarded as a cost-efficient alternative to assess critical contamination even by laypersons and hence by the CCFS users themselves. Notwithstanding the obvious failure of the specific CCFS type evaluated in this study, it had a very high acceptance within the community, which motivates a follow-up study. Therein, alternative systems should be tested and their performance monitored on a monthly basis to also include seasonal changes in water quality. We also propose sanitation educational campaigns and behavioural change interventions to complement POU water treatment in Hobeni.
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